Gp78 (also known as AMFR), an endoplasmic-reticulum (ER)-associated protein degradation (ERAD) E3 ubiquitin ligase, localizes to mitochondria-associated ER and targets the mitofusin (Mfn1 and Mfn2) mitochondrial fusion proteins for degradation. Gp78 is also the cell surface receptor for autocrine motility factor (AMF), which prevents Gp78-dependent mitofusin degradation. Gp78 ubiquitin ligase activity promotes ER-mitochondria association and ER-mitochondria Ca 2+ coupling, processes that are reversed by AMF. Electron microscopy of HT-1080 fibrosarcoma cancer cells identified both smooth ER (SER; ∼8 nm) and wider (∼50-60 nm) rough ER (RER)-mitochondria contacts. Both short hairpin RNA (shRNA)-mediated knockdown of Gp78 (shGp78) and AMF treatment selectively reduced the extent of RER-mitochondria contacts without impacting on SER-mitochondria contacts. Concomitant small interfering RNA (siRNA)-mediated knockdown of Mfn1 increased SER-mitochondria contacts in both control and shGp78 cells, whereas knockdown of Mfn2 increased RER-mitochondria contacts selectively in shGp78 HT-1080 cells. The mitofusins therefore inhibit ER-mitochondria interaction. Regulation of close SER-mitochondria contacts by Mfn1 and of RER-mitochondria contacts by AMFsensitive Gp78-mediated degradation of Mfn2 define new mechanisms that regulate ER-mitochondria interactions.
INTRODUCTION
Close contacts between the ER and mitochondria regulate multiple cellular processes including Ca 2+ signaling and homeostasis, phospholipid and sterol biosynthesis, and mitochondrial biogenesis and metabolism, as well as the execution of cell death programs (Lynes and Simmen, 2011; Rowland and Voeltz, 2012) . ERmitochondria tethers include the Mmm1-Mdm10-Mdm12-Mdm34 tethering complex, phosphofurin acidic cluster sorting protein 2 (PACS-2), inositol triphosphate receptor (IP 3 R), voltagedependent anion-selective channel (VDAC) Ca 2+ channels and the mitochondrial fusion protein Mfn2 (de Brito and Scorrano, 2008; Kornmann et al., 2009; Rapizzi et al., 2002; Simmen et al., 2005; Szabadkai et al., 2006) . In yeast, a SKP1-cullin-1-F-box (SCF) ubiquitin ligase complex regulates ER-mitochondria phospholipid transport (Schumacher et al., 2002) . However, a ubiquitin ligase function in the ER-mitochondria interaction in mammalian cells has yet to be reported. Here, we describe a new mechanism linking extracellular regulation of the ER-localized Gp78 E3 ubiquitin ligase (also known as AMFR) to ER-mitochondria interaction.
Gp78, an ER membrane-anchored ubiquitin ligase (E3), is a central component of the endoplasmic-reticulum (ER)-associated protein degradation (ERAD) machinery (Christianson et al., 2011; Fang et al., 2001; Song et al., 2005; Ye et al., 2005; Zhong et al., 2004) . Gp78 is also the cell surface receptor for autocrine motility factor (AMF), the same protein as the glycolytic enzyme phosphoglucose isomerase (PGI), which functions upon nonclassical secretion as a cytokine, promoting cancer cell motility and metastasis through Gp78 (Nabi et al., 1990; Silletti et al., 1991) . As assessed by electron microscopy, the Gp78-specific 3F3A monoclonal antibody (mAb) localizes Gp78 to both the plasma membrane and smooth ER (SER) tubules whose association with mitochondria is regulated by free cytosolic Ca 2+ ([Ca 2+ ] cyt ) (Benlimame et al., 1998 (Benlimame et al., , 1995 Goetz et al., 2007; Wang et al., 2000) . The ER is associated with mitochondrial fission sites (Friedman et al., 2011) and Gp78 ubiquitin ligase activity targets the mitochondrial fusion proteins, mitofusin 1 (Mfn1) and Mfn2, for degradation inducing mitochondrial fission and, upon mitochondrial depolarization, mitophagy . Dynamin-and Rac1-PI3K-dependent raft internalization of AMF to the Gp78-positive ER prevents Gp78 degradation of the mitofusins and reverses Gp78-dependent mitochondrial fission (Kojic et al., 2007; Le et al., 2002; Shankar et al., 2013) .
Analysis of ER-mitochondria overlap and Ca 2+ coupling in Mfn1-and Mfn2-knockout mouse embryonic fibroblasts (MEFs) has suggested that ER-associated Mfn2 interacts with mitochondrial Mfn1 and Mfn2 to form an ER-mitochondria tether (de Brito and Scorrano, 2008) . However, electron microscopy analysis has shown that ER-mitochondria contact increases in Mfn2-knockout MEFs (Cosson et al., 2012) . and, more recently, also enhances ERmitochondria Ca 2+ crosstalk, sensitizing the cells to mitochondrial Ca 2+ cell death (Filadi et al, 2015) . Here, we study the role of AMF and Gp78, and their mediation of mitofusin degradation, in the regulation of ER-mitochondria interaction.
RESULTS AND DISCUSSION AMF-Gp78 regulation of ER-mitochondria association
To test whether Gp78 expression affected ER-mitochondria contacts, Cos7 cells were transfected with Flag-Gp78 or its Ring finger mutant Gp78 (Flag-Gp78-RFmut), which lacks ubiquitin ligase activity, and labeled for syntaxin-17, a mitochondriaassociated ER marker (Hamasaki et al., 2013) , and for the mitochondrial OxPhosV complex. 3D spinning disk confocal stacks show close opposition of the syntaxin-17-labeled ER and mitochondria (Fig. 1A) . Quantification of syntaxin-17-mitochondria overlap showed that Gp78 significantly increased ER-mitochondria contacts, an effect that was prevented by Gp78 Ring finger mutation and reversed by treatment with AMF.
To study ER-mitochondrial Ca 2+ coupling, Cos7 cells were loaded with both Fura-2-AM and Rhod-2-AM and the ATP-induced increase of [ ] cyt signals (Fig. 1B) .
Cos7 cells transfected with tetracysteine motif (4c)-tagged Gp78-wild type or RFmut were identified using FlAsH, which fluoresces upon binding to the tetracysteine motif (Adams et al., 2002 ). Using Ca 2+ imaging of Fura-2 and Rhod-2 double-labeled cells, AMF delays propagation of the ATP-evoked [Ca 2+ ] cyt rise to mitochondria in both empty vector and Flag-Gp78 wild-type transfected cells (Fig. 1C) . Flag-RFmut expression significantly prolongs ER-mitochondria coupling times that are no longer impacted by AMF (Fig. 1C) . Similarly, co-transfection of FlagGp78wt with mutated HA-tagged ubiquitin (K29R, K48R and K63R, denoted HA-Ubmono), preventing Gp78-dependent polyubiquitin chain elongation (St-Pierre et al., 2012) , results in longer and AMF-insensitive coupling times (Fig. 1C ). Gp78 ubiquitin ligase activity therefore promotes AMF-sensitive ERmitochondria contacts and Ca 2+ coupling.
AMF-Gp78 selectively regulate RER-mitochondria contacts
To study Gp78-mediated regulation of ER-mitochondria interaction by electron microscopy, we stably transfected HT-1080 fibrosarcoma cells, which express elevated levels of endogenous Gp78 (St-Pierre et al., 2012; Tsai et al., 2007) , with doxycyclininducible Gp78 short hairpin RNA (shRNA; shGp78). 3D confocal analysis showed that shGp78 knockdown reduced syntaxin-17 overlap with mitochondria ( Fig. 2A) . Electron microscopy analysis
showed that the mitochondrial area increased upon Gp78 knockdown (Fig. 2B) , consistent with the increased Mfn1 and Mfn2 levels and mitochondrial fusion observed in these cells . Quantification of the mitochondria-associated ER identified closely opposed (8.0±0.5 nm, mean±s.e.m.) SER interactions and wider (50.5±1.7 nm) interactions with rough ER (RER) tubules presenting ribosomes facing the mitochondria surface (Fig. 2B) . Similarly, ∼10 nm SER-and ∼25 nm RERmitochondria contacts have been reported by studies using electron microscopy tomography to analyze rat liver (Csordas et al., 2006) . In HT-1080 fibrosarcoma cells, RER contacts covered approximately twice the mitochondrial surface area as the SER contacts. shRNA Gp78 knockdown did not affect SER contacts but reduced by approximately half the mitochondrial surface area covered by RER contacts (Fig. 2B) .
As for Gp78-transfected Cos7 cells, AMF reduced syntaxin-17-mitochondria contacts in HT-1080 cells (Fig. 3A) . As assessed using electron microscopy, Gp78 knockdown did not increase the mitochondrial area in serum-starved HT-1080 cells; however, AMF treatment significantly increased mitochondrial area in control shRNA (shCtl) cells and not shGp78 knockdown cells (Fig. 3B) . Paralleling the reduction of ∼50 nm RER contacts in shGp78 knockdown cells, AMF treatment reduced RER contacts in shCtl cells and did not affect the extent of SER contacts. AMF did not affect RER contacts in shGp78 knockdown cells and neither Gp78 knockdown nor AMF treatment impacted SER contacts (Fig. 3B) . AMF reversal of Gp78-dependent mitofusin degradation and mitochondrial fission is therefore mediated by AMF disruption of Gp78-dependent ER-mitochondria contacts, defining a new mechanism whereby an extracellular cytokine regulates mitochondrial dynamics through control of ERmitochondria interaction.
Role of mitofusins
Gp78 targets both Mfn1 and Mfn2 for proteasomal degradation . Reduced RER-mitochondria contacts in shGp78 HT-1080 cells is therefore associated with elevated levels of both Mfn1 and Mfn2. Mfn1 or Mfn2 small interfering RNA (siRNA)-mediated knockdown reduced mitofusin levels in both shCtl and shGp78 cells. Mfn1 or Mfn2 knockdown did not affect the extent of syntaxin-17 ER-mitochondria contacts in shCtl cells but, surprisingly, both knockdowns induced a significant increase in contacts in shGp78 HT-1080 cells (Fig. 4A) . Electron microscopy analysis showed that Mfn1 or Mfn2 knockdown reduced mitochondrial size. Mfn1 knockdown did not significantly affect RER-mitochondria contacts in shCtl or shGp78 HT-1080 cells, but more than doubled SER-mitochondria contacts in both cell lines. Mfn2 knockdown impacted on neither rough nor smooth contacts in shCtl cells, but increased RER contacts in shGp78 HT-1080 cells (Fig. 4B) . This suggests that, in the HT-1080 cells studied here, Mfn1 and Mfn2 mediate distinct mechanisms that inhibit formation of SER-and RER-mitochondria contacts, respectively.
New mechanisms of ER-mitochondria interaction
Regulation of RER-mitochondria association through AMFmediated regulation of the Gp78 ubiquitin ligase defines a new mechanism to regulate association between these two organelles. The ∼8-nm SER contacts and ∼50-nm RER contacts that we observed in HT-1080 fibrosarcoma cells were similar to those previously reported in rat liver (Csordas et al., 2006) . In the HT-1080 fibrosacoma cells studied here, Mfn1 and Mfn2 selectively inhibited formation of SER-and RER-mitochondria contacts, respectively. How this relates to the distinct roles of Mfn1 and Mfn2 in mitochondrial fusion and the recently described role of Mfn2 in mitochondrial metabolism remains to be determined (Ishihara et al., 2004; Mourier et al., 2015) . In contrast to its reported role as an ER-mitochondria tether (de Brito and Scorrano, 2008) , we observed that Mfn2 siRNA increased ER-mitochondria contacts and, specifically, RER contacts in shGp78 cells. This suggests that Mfn2 inhibits ER-mitochondria contacts, supporting the conclusions reached in analysis of Mfn2 −/− MEFs (Cosson et al., 2012; Filadi et al., 2015) . Gp78 might promote ER-mitochondria interaction through degradation of Mfn2 and removal of an inhibitor of contact formation. Intriguingly, Mfn1 knockdown increased SER-mitochondria contacts, even in control HT-1080 cells that express reduced Mfn1 levels. Mfn1 knockdown also prevents Gp78-dependent mitophagy, associated with recruitment of the autophagy protein LC3 to the mitochondriaassociated ER, the source of the autophagosome isolation membrane Hamasaki et al., 2013) . Mitochondrial fusion protects mitochondria from autophagy (Rambold et al., 2011) ; however, the selective protection accorded by Mfn1 knockdown, associated with mitochondrial fission, argues that control of ER-mitochondria contact sites might also influence the mitophagic process.
AMF has established pro-survival functions (Fu et al., 2011; Tsutsumi et al., 2003) and its regulation of Ca 2+ homeostasis and mitochondrial fission through ER-mitochondria coupling has important implications for the role of this ubiquitous cytokine in various cellular processes, including tumor cell survival. Rough mitochondria-associated ER tubules present ribosomes facing mitochondria and might be associated with translocon-mediated ER-mitochondria Ca 2+ coupling (Flourakis et al., 2006) . Indeed, as a key component of ERAD, Gp78 interacts with many components of the translocon, including derlin-1, VIMP and PNGase (Ballar et al., 2007; Li et al., 2006; Ye et al., 2005) . Selective regulation of RER contact sites by AMF and Gp78 represents, to our knowledge, the first identified regulator of these contact sites.
Syntaxin-17 is a SNARE protein that is enriched at mitochondriaassociated ER (Hamasaki et al., 2013) and represents a useful ER marker for light microscopy assessment of ER-mitochondria interaction. Nevertheless, confocal analysis of the proximity of syntaxin-17 to mitochondria was unable to distinguish alteration in SER and RER contacts associated with Mfn1 and Mfn2 knockdown, respectively. Similarly, whereas AMF treatment increased Ca 2+ coupling times in untransfected Cos7 cells, we could not detect significant effects of AMF on syntaxin-17 ERmitochondria interaction. Furthermore, expression of Gp78 enhanced syntaxin-17 ER-mitochondria contacts but did not significantly affect Ca 2+ coupling, whereas expression of the Gp78 Ring finger mutant disrupted Ca 2+ coupling without significantly affecting syntaxin-17 ER-mitochondria contacts. These data highlight the discordance between different approaches to measure ER-mitochondria contacts, the importance of ultrastructural analysis and also the diverse mechanisms that impact on contact formation and functional interaction between these two organelles. The contribution of both RER-and SERmitochondria contact sites to the role of ER-mitochondria interaction in Ca 2+ homeostasis, autophagy and apoptosis should be considered.
MATERIALS AND METHODS

Antibodies and chemicals
Rat IgM 3F3A anti-Gp78 mAb was as described previously (Nabi et al., 1990) . Anti-OxPhosV antibodies were from Molecular Probes or Abcam, M2 anti-Flag and syntaxin-17 antibodies from Sigma, Mfn1 and Mfn2 antibodies from Santa Cruz Biotechnology, cross-absorbed anti-rat IgM secondary antibody from Jackson ImmunoResearch Laboratories, and antimouse-IgG and anti-rabbit-IgG secondaries from Molecular Probes. Rhod-2-AM and pluronic F-127 (PAc) were from Invitrogen. PGI, ATP, Fura-2-AM and others were from Sigma.
Cell culture, constructs and treatments
Cos7 cells were grown in complete Dulbecco's modified Eagle's medium (DMEM) and transfected using Effectene (Qiagen). Stable HT-1080 clones expressing control shCtl and Gp78-targeted shGp78 shRNAs (corresponding to sh6 Gp78 shRNA in Shankar et al., 2013) in doxycyclin-inducible pTRIPZ plasmid were maintained in medium containing 2 mg/ml puromycin and 1 mg/ml doxycyclin to induce Gp78 knockdown. For AMF treatment, cells were serum starved overnight and incubated with fresh medium containing 24 µg/ml AMF.
Immunofluorescence
Flag-Gp78-transfected Cos7 cells were fixed with pre-cooled methanolacetone and labeled with rat 3F3A, mouse OxPhosV and rabbit syntaxin-17 antibodies and secondary antibodies conjugated to Alexa Fluor 488, 568 and 647. Peripheral ER 3F3A labeling identified Flag-Gp78-transfected cells (St-Pierre et al., 2012) . HT-1080 cells (expressing RFP) were labeled with mouse OxPhosV mAb and rabbit Syntaxin17 antibodies and secondary antibodies conjugated to Alexa Fluor 488 and 647. 3D image stacks of syntaxin-17 and OxPhosV labels were obtained with the 60× (NA 1.4) Zeiss planapochromat objective of a III Yokogawa spinning disk confocal microscope. The percentage of syntaxin-17 label that overlapped a 3D mask of OxPhosV labeled mitochondria volumes was quantified using Slidebook image analysis software (III).
Ca 2+ imaging
Cos7 cells were loaded with 5 µM Fura-2-AM or Rhod-2-AM in fresh medium containing 0.02% PAc for 45 or 30 min, respectively. Cells were perfused with normal buffer (125 mM NaCl, 20 mM HEPES pH 7.4, 5 mM KCl, 1.5 mM MgCl 2 and 10 mM glucose) containing 2.5 mM EGTA and images acquired with the 40× UAPO objective of an inverted Olympus IX71 microscope. Fura-2 was excited at 340 and 380 nm with a high-speed random access monochromator (Photon Technology International) and emission detected at 510 nm. Rhod-2 was excited at 545 nm and emission detected at 575 nm. Images were analyzed using InVivo Analyzer V3.0 software (Media Cybernetics). AMF decreases the [Ca 2+ ] cyt response (Fu et al., 2011) and only cells exhibiting equivalent [Ca 2+ ] cyt amplitudes were considered for calculation of coupling times.
Electron microscopy
Cells were grown as monolayers on Aclar film (Pelco), washed with PBS, fixed (2% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4 for 1 h), postfixed (1% osmium tetroxide in cacodylate buffer for 1 h at 4°C), stained en bloc (0.1% uranyl acetate for 1 h) and progressively dehydrated through an ethanol series, followed by 100% acetone and embedding in Epon 812 (Fluka). Sections (50-60 nm thick; Leica Ultramicrotome) were stained with 2% uranyl acetate and 2% lead citrate, visualized on a FEI Tecnai G2 transmission electron microscope (acceleration voltage of 120 kV) and micrographs digitally recorded using an Eagle 4k CCD camera (FEI). Mitochondria perimeter and area measurements, and the length of SER and RER interfaces were measured to obtain the interface percentage using ImagePro 6.0 software. Widths of SER-and RER-mitochondria interfaces were determined by measuring the shortest distance between the ER membrane and the mitochondrial outer membrane at two sites for each contact.
Statistical analyses
Data are presented as mean±s.e.m. One-way ANOVA was used for group paired observations. Differences were considered statistically significant when P<0.05.
